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Summary. The short review of the higher order corrections to the hard exclusive 
processes is given. Different approaches are discussed and the importance of higher- 
order calculations is stressed. 



1 Introduction 

Quantum Chromo dynamics (QCD) offers the description of hadrons in terms 
of quarks and gluons. There are two basic ingredients of that picture: bound 
state dynamics of hadrons and fundamental interactions of quarks and glu- 
ons. While the former is still rather elusive to existing theoretical tools, the 
latter is rather well understood. The description of the hadronic processes at 
large momentum transfer is realized by making use of the factorization of high 
and low energy (short and long distance) dynamics. The existence of asymp- 
totic freedom makes then the high energy part tractable to the perturbative 
calculation, i.e., the perturbative QCD (PQCD). 

Exclusive processes are defined as the scattering reactions in which the 
kinematics of all initial and final state particles are specified, like, for exam- 
ple, the processes defining the hadron form factors (7*7^ — > 7r, 7*7r — > 7r, 
7* — > 7T7T, ep — > ep, • • • ), the two-photon annihilation processes (77 — > 7T7t, 
77 - > PPi ' ' ' )? the hadron scatterings (irp — ► 717?, pp — > pp, • • • ), the decays of 
heavy hadrons ( J/i/j — > tttttt^ B — > 7T7T, • • • ) etc. The hard exclusive reactions, 
i.e., the exclusive reactions at large momentum transfer (or wide-angle), can 
be described by the so-called hard-scattering picture [fl E] . The basis of this 
picture is the factorization of short and long distance dynamics, i.e, the factor- 
ization of the hard-scattering amplitude into the elementary hard-scattering 
amplitude and hadron distribution amplitudes one for each hadron involved in 
the process. Usually the following standard approximations are made. Hadron 
is replaced by the valent Fock state, collinear approximation, in which hadron 
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constituents are constrained to be collinear, is adopted, and the masses are 
neglected. For example, in the case of the pion this leads to replacing the 
pion by \tt) — > \qq) (correct flavour structure has to be taken into account), 
adopting p q = xp : Pq = (1 — x)p, where p, p q and Pq are pion, quark and anti- 
quark momenta, respectively, while < x < 1 is the longitudinal momentum 
fraction, and taking m q = m q = , — 0. 

Generally, the hard-scattering amplitude is then represented by the fol- 
lowing convolution formula: 

M(Q 2 )= [ [dx] T H (x 3 ,Q 2 ^ 2 F ) n<M*i>MF), (!) 

J ° hi 

n h% n h . 

[dx] = Yl dXj 5(1 - y^x k ) , 

j=l k=l 

where Th is the process-dependent elementary hard-scattering amplitude, $h . 
is the process-independent distribution amplitude (DA) of the hadron hi, Q 2 
denotes the large momentum transfer while fi 2 F is the factorization scale at 
which the separation between short and long distance dynamics takes place. 

Within this framework leading-order (LO) predictions have been obtained 
for many exclusive processes. It is well known, however, that, unlike in QED, 
the LO predictions in PQCD do not have much predictive power, and that 
higher-order corrections are essential for many reasons. In general, they have 
a stabilizing effect reducing the dependence of the predictions on the schemes 
and scales. Therefore, to achieve a complete confrontation between theoretical 
predictions and experimental data, it is very important to know the size of 
radiative corrections to the LO predictions. 

The list of exclusive processes at large momentum transfer analyzed at 
next-to-leading order (NLO) is very short and includes only three processes: 
the meson electromagnetic form factor |31ElElini0!8> 9 , the meson transition 
form factor Q33 HB [EJ , and the process 77 -> MM (M = tt, K) P| 4 . 

We note here that the meson transition form factor belongs to the same 
class of processes as the deeply virtual Compton scattering (DVCS) [El 
(7*p — > 7*p), which recently has been extensively studied in the context of 
general parton distributions (GPDs) [T7|. Regarding the elementary hard- 
scattering amplitude, these two processes, or correspondingly subprocesses 
7*7* — >> (qq) and 7**7 — >• 7*^, differ only in kinematic region and are related 

4 In contrast to the above introduced standard hard-scattering approach (sHSA), in 
the so-called modified hard-scattering approach (mHSA) the Sudakov suppression 
and the transverse momenta of the constituents are taken into account. The LO 
predictions have again been obtained for number of processes while at NLO order 
only the pion transition form factor |14| has been calculated. In order to estimate 
the NLO correction in the mHSA, in |15| the use has been made of the NLO 
results for the pion electromagnetic and transition form factors obtained using 
the sHSA. 
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by crossing. Still, the NLO correction to DVCS has been calculated inde- 
pendently ^0 [201 - Analogous connection exists between the pion elec- 
tromagnetic form factor and the deeply virtual electroproduction of mesons 
(DVEM) 21 (7*^ — > Mp, the momentum transfer t between the initial and 
the final proton is negligible, while the virtuality of the photon is large). In 
the context of subprocesses, there is a connection between j*(qq) — » (qq) and 
J*Q —> (qq)q- I n 1221 the use has been made of the NLO results for the pion 
electromagnetic form factor to obtain the NLO prediction for the specific case 
of DVEM (electroproduction of the pseudoscalar flavour non-singlet mesons). 
In this work we mostly discuss the meson form factor calculations. 

At the next-to-next-to-leading order (NNLO) only the /^o-proportional 
terms for the deeply virtual Compton scattering and pion transition form fac- 
tor have been explicitly calculated [23 E] . The use of conformal constraints 
made it possible to circumvent the explicit calculation and to obtain the full 
NNLO results for the pion transition form factor |25j . 

Finally, let us note that apart from the deeply virtual region, also the wide 
angle region has been investigated in the literature in the context of the Comp- 
ton scattering (WACS), as well as, electroproduction of mesons (WAEM) [26] . 
The NLO corrections were calculated only for the WACS [2711^8) . 

In this paper the introduction to hard-scattering picture for exclusive pro- 
cesses is given in Sec. [3 The characteristic properties of the PQCD predictions 
regarding the importance of higher-order corrections and the renormaliza- 
tion scale ambiguities are explained in Sec. 01 Section El is devoted to the 
short review of exclusive processes calculated to the next-to-leading order 
(NLO) in the strong coupling constant as: meson electromagnetic form fac- 
tor (7*M — > M), photon-to- meson transition form factor (7*7^ — > M), 
meson pair production: 77 — > MM. In Sec. the next-to-next-to- leading or- 
der (NNLO) prediction for the photon-to-pion transition form factor obtained 
using conformal symmetry constraints is explained. Finally, in Sec.|§|the sum- 
mary and conclusions are given. 



2 Introduction to the hard-scattering picture 

Let us explain the basic ingredients of the standard hard-scattering picture 
by taking as an example the simplest exclusive quantity, i.e., the photon-to- 
pion transition form factor F (*) appearing in the amplitude of the process 
7*((Zi> a07^*H#2j v ) — > 7r(p). At least one photon virtuality has to be large and 
we take here the simple case : —q\ = Q 2 ^> and q% = 0. The full amplitude is 
of the form 

r» = i e 2 F^(Q 2 ) e» vafi q la q 2 p e v {q 2 ) , (2) 
and the transition form factor can be represented by a convolution 



F^iQ 2 ) = T H (x, Q 2 , fi 2 F ) ® &(x, [iD ■ 



(3) 
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Here A(x) <g> B(x) = J Q dxA(x)B(x) and ji 2 F is a factorization scale. 

The elementary hard-scattering amplitude Th obtained from 7* 7 — > is 
calculated using the PQCD. By definition, T# is free of collinear singularities 
and has a well-defined expansion in ^(/i^), with ji 2 R being the renormaliza- 
tion (or coupling constant) scale of the hard-scattering amplitude. Thus, one 
can write 

T H (x,Q*) = (x,Q 2 ) + ^M T W(x,Q 2 ,4) 

+ ^^T%\x,Q\^ &) + ■■■. (4) 

The diagrams contributing to LO and representative diagrams contributing 
to NLO order are displayed in Figs. [I] and respectively. When evaluating 
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Fig. 1. Lowest-order Feynman diagrams contributing to the 7*7 — > qq amplitude. 
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Fig. 2. Distinct one-loop Feynman diagrams contributing to 7*7 — > gg. 



the NLO amplitude one encounters the UV and collinear singularities. The 
former are removed by coupling constant (as) renormalization introducing 
the scale ji 2 R , while the latter are factorized into the DA at the scale ji 2 F . 
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The pion distribution amplitude is defined in terms of the matrix elements 
of composite operators: (0\\P(— z)~f + ~f§Q\I/ (z)\it) . While the DA form is taken 
as an (nonperturbative) input at some lower scale /Iq (@(x, /io)), its evolution 
to the factorization scale n 2 F ($(x,ii 2 F )) is governed by PQCD. The DA can 
hence be written in a form 

$(x, /4) = <j> v (x, y, /4, /4) ® &(y, Mo) > ( 5 ) 

where <j)y denotes the evolution part of the DA. In latter the resummation of 
(as ln(/i|, / Mo)) n terms is usually included, and (\>y is obtained by solving the 
evolution equation 

d 



Vfjtt^v = v ® <j>v , (6) 

where 



v= ^Mi Vl+ ^m V2+ ... (7) 

47T V^ 71 "/ 

represents the perturbatively calculable evolution kernel. 

One often introduces the distribution amplitude <p normalized to unity 
(x,fi 2 F ) = 1, and related to $(x,ii 2 F ) by <3> = f 7V /(2^2N c ) (j) where 
/tt = 0.131 GeV is the pion decay constant and N c is the number of colours. 
The solutions of the evolution equation © combined with the nonperturbative 
input can then be written in a form of an expansion over Gegenbauer polyno- 

3/2 

mials C n which represent the eigenfunctions of the LO evolution equation: 



<j)(x, /jl f ) = 6x(l — x) 



l + Y.'B n {^ F )Cl'\2x-l) 



71 = 2 



(8) 



Here J^' denotes the sum over even indices. The nonperturbative input 
S n (/io) as well as the evolution is now contained in B n coefficients. They 
have a well defined expansion in as'- 

= B„ L °(/4) + ^W L °(/4) + • • • , 0) 

where 

B^°( f i 2 F ) = f( f i 2 F , f 4,B n ( f i 2 )), B» LO (i2 F )=g(i2 F , f ,t,B Hk < n) (vl)) (10) 

represent the LO and NLO [22j parts whose exact form in MS factorization 
scheme is given in, for example, |51 l^lj. 

As the DA input one often takes the asymptotic function 

(j) as (j)(x, oo) 6x(l - x) (11) 

being the solution of the DA evolution equation for fi 2 F — > oo and the simplest 
possibility. We list here two more choices from the literature 
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0cz 30^ : 5 2 (0.25 GeV 2 ) = 2/3 , 
0bmsEH : #2(1 GeV 2 ) = 0.188 B 4 (l GeV 2 ) = -0.13 . [ ' } 

The CZ distribution amplitude is nowadays mostly ruled out (see 32 and 
references therein), and it is believed that even at lower energies the pion DA 
is close to asymptotic form but probably end-point suppressed like the BMS 
DA. 




3 PQCD prediction 

In this section we would like to discuss some properties inherent to all PQCD 
predictions. 

Let us first briefly discuss the expansion parameter, i.e., the QCD coupling 
constant. The QCD (3 function given by 

(3{a s {^)) = M 2 ^2« S ( M 2 ) = -^^/3o - • • • (13) 

is negative (/?o = 1/3(1 1AT C — 2n/), rif is the number of active flavours) and 
theory is asymptotically free. The usual one- loop solution of the renormaliza- 
tion group equation ([T3| is given by 
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and, obviously, as(oo) = 0, while, for example, as ((1)4: GeV 2 ) « (0.43)0.3, 
(A = 0.2 GeV, rtj = 3). Obviously, low-energy behaviour of such as represents 
a problem due to the existence of the Landau pole: as (A 2 ) — > oo. In the 
literature one can encounter several prescriptions to improve as in low-energy 
region. For example, "frozen" coupling constant 

/3 ln((/i 2 + ra 2 ),M 2 ) 



or analytical coupling |33J 



<W ) = "77" 

Po 



yl 2 



ln(// 2 /yl 2 ) yl 2 -/i : 



(16) 



But even these improved forms of give rather large values at lower energies. 
Thus, LO QCD predictions do not have much predictive power and higher- 
order corrections are important. 

Generally, the PQCD amplitude can be written in a form 

M (Q 2 ) = M^(Q 2 ) + ^^M^(Q 2 ) + ^^M^(Q 2 ,^ R ) + --- , (17) 

where Q 2 is some large momentum and as usual fi 2 R represents the renormal- 
ization scale. The truncation of the perturbative series to finite order intro- 
duces the residual dependence of the results on the renormalization scale [ir 
and scheme (to the order we are calculating these dependences can be repre- 
sented by one parameter, say, the scale). Inclusion of higher order corrections 
decreases this dependence. Nevertheless, we are still left with intrinsic theo- 
retical uncertainty of the perturbative results. One can try to estimate this 
uncertainty (see, for example, 9 ) or one can try to find the "optimal" renor- 
malization scale fiR (and scheme) on the basis of some physical arguments . 
In the latter case, one can assess the size of the higher order corrections and 
of the expansion parameter. These values can then serve as a sensible criteria 
for the convergence of the expansion. 

The simplest and widely used choice for jiR is n 2 R = Q 2 , and the justifica- 
tion is mainly pragmatic. However, physical arguments suggest that the more 
appropriate scale jur is lower. Namely, since each external momentum entering 
an exclusive reaction is partitioned among many propagators of the underly- 
ing hard-scattering amplitude, the physical scales that control these processes 
are inevitably much softer than the overall momentum transfer. There are 
number of suggestions in the literature. According to fastest apparent conver- 
gence (FAC) procedure [HI], the scale hr is determined by the requirement 
that the NLO coefficient in the perturbative expansion of the physical quan- 
tity in question vanishes, i.e., one demands M^ 2 \Q 2 , n 2 R ) = 0. On the other 
hand, following the principle of minimum sensitivity (PMS) jSSj one mimics 
the independence of the all order expansion on the scale /xr, and one chooses 
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the renormalization scale jiR at the stationary point of the truncated per- 
turbative series: dAi^ n ^ e or d er (Q 2 ? M^V^M 2 ? = 0. In the Brodsky-Lepage- 
Mackenzie (BLM) procedure 36 , all vacuum-polarization effects from the 
QCD /^-function are resummed into the running coupling constant. Accord- 
ing to BLM procedure, the renormalization scale best suited to a particular 
process in a given order can, in practice, be determined by setting the scale 
demanding that /^-proportional terms should vanish: 

M^(Q 2 ,fi 2 R ) =p MW°\Q 2 ,ti 2 R )+M^ est \Q 2 ) (18) 

and 

M (2M (Q 2 ,ij 2 r ) = 0. (19) 

As it is known, the relations between physical observables must be in- 
dependent of renormalization scale and scheme conventions to any fixed or- 
der of perturbation theory. In Ref. [37| was argued that applying the BLM 
scale-fixing to perturbative predictions of two observables in, for example, 
MS scheme and then algebraically eliminating a-j^ one can relate any per- 
turbatively calculable observables without scale and scheme ambiguity, where 
the choice of BLM scale ensures that the resulting "commensurate scale rela- 
tion" (CSR) is independent of the choice of the intermediate renormalization 
scheme. Following this approach, in paper by Brodsky et a/.[3H| the several 
exclusive hadronic amplitudes were analyzed in ay scheme, in which the ef- 
fective coupling ay (/i 2 ) is defined from the heavy-quark potential V(ji 2 ). The 
ay scheme is a natural, physically based scheme, which by definition auto- 
matically incorporates vacuum polarization effects. The fly scale which then 
appears in the ay coupling reflects the mean virtuality of the exchanged glu- 
ons. Furthermore, since ay is an effective running coupling defined from the 
physical observable it must be finite at low momenta, and the appropriate pa- 
rameterization of the low-energy region should in principle be included. The 
scale-fixed relation between the a-j^- and ay couplings is given by [HEj 

<W/4lm) = aviti) (l + ^ + • • •) , (20) 

where ay(jiy) is defined from the heavy-quark potential V(fiy) and 

^ = e 5/ VU- (21) 

4 Exclusive processes at higher order: explicit 
calculations 

As mentioned in Sec. only the small number of exclusive processes have 
been analyzed in higher orders. When higher order calculations are explic- 
itly performed, usually the dimensional regularization together with the MS 
renormalization scheme is applied. 
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4.1 Photon-to-7r (77, 7/) transition form factor 



The photon-to-7r transition form factor appearing in the amplitude 7*7- 
takes the form of an expansion 



F^(Q 2 ) = F^(Q 2 



+ - 



a 



104) 

(4tt) 2 



47T 



(22) 



where only the parts that can be found in the literature as explicitly calculated 
from the contributing Feynman diagrams are written. 

There are 2 LO diagrams contributing to the subprocess amplitude 7*7 — > 
(qq) and displayed in Fig. E] Furthermore, there are 12 one-loop diagrams 
contributing at NLO order ^QlEJIIj- The representative diagrams are given 
in Fig. [21 In the case of the photon-to-?7 (rj f ) transition form factor the two- 
gluon states also contribute (7*7 — > (gg)) giving rise to 6 more diagrams 
at NLO ^2j. In [23] the /3o-proportional NNLO terms were determined from 
the 12 two-loop Feynman diagrams obtained from the one- loop diagrams by 
adding the gluon vacuum polarization bubble. 

The numerical predictions for F^^Q 2 ) are displayed in Fig. 21 Obviously, 
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Fig. 4. LO and NLO predictions for the photon-to-pion transition form factor. 



the results obtained using the CZ DA overshoot the experimental data. The 
BLM scale for the asymptotic DA amounts to {^ 2 BLM) as ~ Q 2 /9, while as < 
0.5 for Q 2 > 4 GeV 2 . In the oty scheme for the coupling constant scale one 
obtains \n 2 v ) as « Q 2 /2. 
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4.2 Pion electromagnetic form factor 

The spacelike 5 pion electromagnetic form factor F 7T (Q 2 ) appearing in the am- 
plitude 7*7r + ( - ) — > 7r +( ^ _ \ takes the form of an expansion 

FAQ 2 ) = ^^F«(Q 2 ) + 4^Fi 2 )(Q 2 ,^) + • • • . (23) 

There are 4 diagrams that contribute to the amplitude 7* (^1^2) —> (Q1Q2) 
at LO (see Fig.©, and 62 one-loop diagrams at NLO [3 H El El El □ Ej (see 
Fig. . 




Fig. 5. Lowest-order Feynman diagrams contributing to J*(qq) — > 



Numerical predictions for F 7T (Q 2 ) are displayed in Fig. [3 We comment the 
asymptotic DA results. For ji 2 R = Q 2 NLO corrections are rather large: the 
ratio (NLO correction/LO prediction) is > 30(50)% until Q 2 > 500(10) GeV 2 
is reached! On the other hand, the BLM scale fi R = (^BLM) as ~ Q 2 /106 is 
very small and hence as is large. The ay scheme offers the possible way out. 
In this scheme the scale amounts to ji 2 R = (fiy) as « Q 2 /20 (as < 0.5 and 
NLO corrections < 27% for Q 2 > 20 GeV 2 ) gD|. 

4.3 Pion pair production 

Finally, the amplitude of the process 77^7r + 7r - takes the form 

M(s,t) = e*¥& M W{8,t) + ^W 2 >(M,/4) + • •• ■ (24) 

47T [4:7T) Z 

There are 20 diagrams that contribute at LO order 77 — > (qiq~2)(Q2Qi)- 
At NLO order 454 one-loop diagrams contribute to the NLO prediction. The 
existing result from the literature ^Sl covers only the special case of the 

5 For the discussion of the timelike form factor see, for example, |39|. 
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Fig. 6. Distinct one-loop Feynman diagrams contributing to the "y*(qq) 
amplitude. 
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Fig. 7. NLO prediction for F^Q 2 ). The shaded area denotes the range of the total 
NLO prediction and offers the way to asses the theoretical uncertainty. 



equal momenta DA, i.e., <j>(x) = S(x — 1/2). The numerical result is thus not 
particularly realistic. New (general) NLO calculation is in preparation and for 
that purpose convenient general analytical method for evaluation of one-loop 
Feynman integrals has been developed 



5 NNLO prediction for the photon-to-pion transition 
form factor using conformal symmetry constraints 

Recently, the conformal symmetry constraints were used to obtain the NNLO 
prediction for the photon-to-pion transition form factor The crucial in- 
gredients of this approach lie in the fact that the massless PQCD is invariant 
under conformal transformations provided that the (3 function vanishes, and 
that F 7r7 * belongs to a class of two-photon processes calculable by means of 
the operator product expansion (OPE). One can then make use of the predic- 
tive power of the conformal OPE (COPE), the DIS results for the nonsinglet 
coefficient function of the polarized structure function g\ known to NNLO 
order 02 an d the explicitly calculated /^-proportional NNLO terms [251 l^j . 

Let us first introduce the basic ingredients of the formalism. For the general 
case of the pion transition form factor 7*(<7i)7*(^2) —> tt(p) one expresses the 
results in terms of 

C? = -ti±A and W =4^4- (25) 

It is convenient to turn the convolution formula © into the sum over confor- 
mal moments 
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CO 

F^-faQ 2 ) = U ^' T>,Q 2 ,/4) (MOjM)\0) • (26) 
i=o 

Here 

T,( W ,Q 2 , M 2 F )=^ 1 dxT H (co,x,Q 2 ,„ 2 F ) C* /2 (2x-l) (27) 

is the jth conformal moment of the elementary hard-scattering amplitude, 
while 

<K*,/4) = £' ^^C| /2 (2x - 1)^10^(^)10) , (28) 

3=0 3 

where O(ja^p) represents composite conformal operator, and Nj = (j + + 
2)/4(2j + 3). 

For the thorough review of the conformal transformations and their appli- 
cations we refer to @3] . On the quantum level conformal symmetry is broken 
owing to the regularization and renormalization of UV divergences: coupling 
constant renormalization resulting in /^-proportional terms and the renor- 
malization of composite operators. The latter represents the origin of non- 
diagonal NLO anomalous dimensions in MS scheme and can be removed by 
finite renormalization of the hard-scattering and distribution amplitude, i.e., 
by the specific choice of the factorization scheme. 

First, we pose the question weather we can find a factorization scheme in 
which conformal symmetry holds true up to /^-proportional terms? Renormal- 
ization group equation for the operators 0, equivalent to the DA evolution 
equation ©, is given by 




where the anomalous dimension matrix, corresponding to the evolution kernel 
J7J), is given by 

7* = g^f + pgrrj? + ^ ^ + Oiai) (30) 

with 7j = 7jj. Since the conformal symmetry holds at LO, the anomalous 
dimensions are diagonal at LO. Similarly non-diagonal terms present in the 
MS scheme beyond LO, originate in breaking of conformal symmetry due to 
the renormalization of the composite operators. In contrast, the conformal 
subtraction (CS) scheme defined by 

cs = $-i m t Bjk = Sjk + £. + 0{a 2 s) (31) 



and 
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lf k S = 5 jklj + 6{j>k)^A jk (32) 

preserves the conformal symmetry up to /3-proportional terms. 

Second, we ask weather and how can we use the predictive power of con- 
formal symmetry? The process of interest belongs to quite a large class of 
two-photon processes calculable by means of OPE ^J- DVCS, deeply inelastic 
lepton-hadron scattering (DIS) and production of various hadronic final states 
by photon-photon fusion belong to this class of processes. Such processes can 
be described by a general scattering amplitude given by the time-ordered prod- 
uct of two-electromagnetic currents sandwiched between the hadronic states. 
For a specific process, the generalized Bjorken kinematics at the light-cone 
can be reduced to the corresponding kinematics, while the particular hadron 
content of the process reflects itself in the non-perturbative part of the am- 
plitude. Hence, the generalized hard-scattering amplitude enables us to relate 
predictions of different two-photon processes on partonic level. 

Conformal OPE (COPE) for two-photon processes works under the as- 
sumption that conformal symmetry holds (CS scheme and /?=0), and the 
Wilson coefficients are then, up to normalization, fixed by the ones appearing 
in DIS structure function gi (calculated to NNLO order). Conformal symme- 
try breaking terms proportional to (3 function alter COPE result. One can 
make use of /3-proportional NNLO terms explicitly calculated in MS scheme 
[2B1 E] • We note here that there exists freedom in defining /3-proportional 
terms in CS scheme and hence we speak of CS scheme, CS scheme, . . . (for 
detailed explanation see [25|V 

Finally we list the numerical results for the special case uj = ±1 and j = 0, 
i.e., asymptotic DA. For fi 2 R = 2Q 2 



zp (n 2 \ — )f2^JL 
) ~ 2Q 2 



a s (2Q 2 ) (7.23) a 2 (2Q 2 ) 
1 tt \ 5.14 J TT 2 [66) 



+0(c%)\ in <J ^- -scheme, (34) 



while for the BLM prescription n R = f% LM 



0.92 av ^r M/ +0(ag) 



Here 



(35) 



^Ilm = 2Q 2 |J^'^J in -scheme. (36) 

One notices that, similarly to the pion electromagnetic form factor results 
presented in the preceding section, for ji 2 R equal to the characteristic scale of 
the process the QCD corrections are large 6 , while for the BLM scale these 

6 Note that for the case of the meson transition form factor NLO correction repre- 
sents actually LO QCD correction, while NNLO correction is NLO QCD correc- 
tion etc. 
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corrections are smaller but the scale itself is also rather small leading to large 
expansion parameter as- The ay scheme could as in the case of the pion 
electromagnetic form factor offer the way out and physically better motivated 
description of the transition form factor. 

We mention, that, as already noticed in 02 an d shown in [2HJ, the signifi- 
cance of higher-conformal moments decreases with \uo\ and that with decreas- 
ing | a; | the difference between various schemes also decreases. Hence, small 
region is suitable for a novel test of PQCD. 

6 Conclusions 

Although the higher-order QCD corrections are important, only few exclu- 
sive processes have been explicitly calculated to NLO order. The inclusion of 
higher-order corrections stabilizes the dependence on renormalization scale. 
Still, the usual choice fi 2 R = [characteristic scale of the process] leads to large 
corrections. Other choices of scales (BLM, ay scheme) are preferable and more 
physical. More effort in calculating higher-order corrections are needed and 
some tools applicable to the kinematic region of interest are underway. Fur- 
thermore, for some processes (example: NNLO calculation of photon-to-pion 
transition form factor), one can make use of the predictive power of conformal 
symmetry to avoid cumbersome higher-order calculations. 
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